[1] In many regions, tectonic uplift is the main driver of erosion over million-year (Myr) timescales, but climate changes can markedly affect the link between tectonics and erosion, causing transient variations in erosion rates. Here we study the driving forces of millennial to Myr-scale erosion rates in the French Western Alps, as estimated from in situ produced cosmogenic 10 Be and a newly developed approach integrating detrital and bedrock apatite fission-track thermochronology. Millennial erosion rates from 10 Be analyses vary betweeñ 0.27 and~1.33 m/kyr, similar to rates measured in adjacent areas of the Alps. Significant positive correlations of millennial erosion rates with geomorphic measures, in particular with the LGM ice thickness, reveal a strong transient morphological and erosional perturbation caused by repeated Quaternary glaciations. The perturbation appears independent of Myr-scale uplift and erosion gradients, with the effect that millennial erosion rates exceed Myr-scale erosion rates only in the internal Alps where the latter are low (<0.4 km/Myr). These areas, moreover, exhibit channels that clearly plot above a general linear positive relation between Myr-scale erosion rates and normalized steepness index. Glacial erosion acts irrespective of rock uplift and thus not only leads to an overall increase in erosion rates but also regulates landscape morphology and erosion rates in regions with considerable spatial gradients in Myr-scale tectonic uplift. Our study demonstrates that climate change, e.g., through occurrence of major glaciations, can markedly perturb landscape morphology and related millennial erosion rate patterns, even in regions where Myr-scale erosion rates are dominantly controlled by tectonics.
[1] In many regions, tectonic uplift is the main driver of erosion over million-year (Myr) timescales, but climate changes can markedly affect the link between tectonics and erosion, causing transient variations in erosion rates. Here we study the driving forces of millennial to Myr-scale erosion rates in the French Western Alps, as estimated from in situ produced cosmogenic 10 Be and a newly developed approach integrating detrital and bedrock apatite fission-track thermochronology. Millennial erosion rates from 10 Be analyses vary betweeñ 0.27 and~1.33 m/kyr, similar to rates measured in adjacent areas of the Alps. Significant positive correlations of millennial erosion rates with geomorphic measures, in particular with the LGM ice thickness, reveal a strong transient morphological and erosional perturbation caused by repeated Quaternary glaciations. The perturbation appears independent of Myr-scale uplift and erosion gradients, with the effect that millennial erosion rates exceed Myr-scale erosion rates only in the internal Alps where the latter are low (<0.4 km/Myr). These areas, moreover, exhibit channels that clearly plot above a general linear positive relation between Myr-scale erosion rates and normalized steepness index. Glacial erosion acts irrespective of rock uplift and thus not only leads to an overall increase in erosion rates but also regulates landscape morphology and erosion rates in regions with considerable spatial gradients in Myr-scale tectonic uplift. Our study demonstrates that climate change, e.g., through occurrence of major glaciations, can markedly perturb landscape morphology and related millennial erosion rate patterns, even in regions where Myr-scale erosion rates are dominantly controlled by tectonics.
Introduction
[2] The topographic expression of mountain belts is the result of tectonic processes that create topography and erosion that effectively limits topography [e.g., Koons, 1989] . Crustal thickening through convergence leads to isostatically compensated surface uplift, buildup of topography, steepening of river channels and hillslopes, increasing relief, and, as a result, enhanced erosional flux [e.g., Willett, 1999; Montgomery and Brandon, 2002] . Along with tectonic uplift, rock fracturing induced by deformation increases the likelihood of erosional transport . In addition, potential feedbacks with climate exist; an increase in orographic precipitation, for instance, will increase erosional efficiency and degrade river channels, hillslopes, and relief [e.g., Bonnet and Crave, 2003] . As a result, millennial to million-year (Myr) scale erosion-rate estimates in fluvially dominated active orogens have been shown to correlate with environmental and morphometric measures such as precipitation rate, local relief, hillslope gradient, hilltop curvature, and channel steepness [e.g., Gilbert, 1877; Summerfield and Hulton, 1994; Brandon et al., 1998; Montgomery and Brandon, 2002; DiBiase et al., 2010; Hurst et al., 2012; Bermudez et al., 2013] . The relation between morphometry and glacial erosion is more complex; however, on the orogen scale, focused erosive efficiency of glaciers around the Equilibrium Line Altitude (ELA), known as the "glacial buzzsaw," is thought to limit the height and thus the relief of mountain belts [e.g., Brozović et al., 1997; Egholm et al., 2009] . On the scale of individual catchments, in contrast, valley widening and overdeepening can increase local relief [e.g., Montgomery, 2002; Herman et al., 2011; Valla et al., 2011; Steer et al., 2012] . Independent of the erosional process, but modulated by tectonic and erosion rates, orogenic systems tend toward a flux steady state, in which the erosional outflux matches the accretional (tectonic) influx [e.g., Willett and Brandon, 2002] . When convergence ceases, orogenic topography starts to degrade as the erosional flux is then balanced only partly (≤80%) by isostatic rock uplift.
[3] Feedbacks between tectonics, climate, and erosion have been described in active tectonic settings [e.g., Beaumont et al., 1992; Koons, 1989; Whipple and Meade, 2004; Willett, 1999] and may be responsible for rapid exhumation of high-grade metamorphic rocks caused by focused river incision, for instance, in the Himalayan syntaxes [e.g., Zeitler et al., 2001] , or by orographically enhanced erosion and glaciation, such as at the windwardside of the Southern Alps of New Zealand [e.g., Koons, 1990] . Similar but less distinct relations exist in "inactive" orogens such as the Central European Alps. While convergence has ceased in the Central Alps [Nocquet and Calais, 2003] , Quaternary glaciations appear to have resulted in enhanced erosion and isostatically compensated rock uplift [e.g., Champagnac et al., 2007] . Locally, glacial valley incision rates exceeded preglacial rates by up to 1 order of magnitude [Muttoni et al., 2003; Haeuselmann et al., 2007; Valla et al., 2012] , leaving behind partly overdeepened trough valleys and associated hanging tributary valleys formed during repeated glaciations. Less is known about the glacial/interglacial variability of erosion rates, but erosion rates are assumed to have decreased since peak erosion rates of 1.1 to 2.9 m/kyr estimated from the postglacial sediment flux of the Alps [e.g., Hinderer, 2001 ; Van den Berg et al., 2012] . Wittmann et al. [2007] estimated millennial erosion rates of 0.9 ± 0.3 m/kyr in the high crystalline Central Alps using in situ produced cosmogenic 10 Be measured in stream sediments. These rates, although lower than peak postglacial rates, are approximately twice as high as Myr-scale erosion rates from bedrock thermochronology [e.g., Vernon et al., 2008] and correlate positively with recent rock-uplift rates from geodetic measurements. This relation, together with the inference that recent rock-uplift rates amount to about 80% of the erosion rates, was used to argue that Holocene erosion of the Central Alps is partly balanced by isostatic rock uplift [e.g., Wittmann et al., 2007; Champagnac et al., 2009] .
[4] Recently, several studies have aimed at quantifying the relationships between tectonics, climate, erosion, and resulting basin morphometry using 10 Be-derived catchment-wide erosion rates [e.g., Riebe et al., 2000; Matmon et al., 2003; Binnie et al., 2007; Ouimet et al., 2009; DiBiase et al., 2010 DiBiase et al., , 2012 Palumbo et al., 2010; Henck et al., 2011] . These studies have confirmed that both soil-mantled and rocky hillslopes are limited by slope stability and thus do not, or only slightly, continue to steepen beyond a threshold gradient/erosion rate [Schmidt and Montgomery, 1995; Montgomery and Brandon, 2002; DiBiase et al., 2012] . Conversely, channels continue to steepen while uplift and erosion rates increase, be it nonlinearly, suggesting that channel steepness is a more reliable geomorphic proxy for rock uplift and erosion rate than hillslope angle or relief. Contrary to these studies in fluvial (nonglaciated) landscapes, 10 Be-derived erosion rates appear to be only partly correlated with geomorphic metrics in the Alps [Wittmann et al., 2007; Delunel et al., 2010; Norton et al., 2011] . Only the Central Alps exhibit significant correlations between millennial erosion rates and geomorphic metrics, such as mean elevation, relief, and hillslope [Wittmann et al., 2007] ; however, these appear to be strongly guided by the inclusion of data from the (lowrelief and slowly eroding) foreland. 10 Be-derived erosion rates from a single crystalline massif in the Western Alps reveal a positive correlation with elevation in the absence of other correlations, which was used to argue for a climatic control on catchment-wide erosion rates through the temperature (and therefore altitude-) dependence of the efficiency of frost-cracking processes .
[5] In this study, we investigate the impact of tectonics and climate change on landscape evolution in the Western Alps. Following earlier studies in the Alps [Wittmann et al., 2007; Delunel et al., 2010; Norton et al., 2011] , we use in situ produced cosmogenic 10 Be measurements of stream sediments to quantify millennial erosion rates. In addition, we present a novel approach to extract estimates of millennial-scale lateral variations in erosion rates from detrital thermochronology data. Results of the latter approach are compared with 10 Be results, increasing the reliability of inferred spatial variations in erosion rates. Erosion-rate estimates derived from detrital thermochronology and 10 Be data are compared to environmental and geomorphic metrics derived from digital elevation model (DEM) analyses as well as to Myr-scale erosion rates from bedrock thermochronology to test the hypothesis that Myr-scale erosion reflects tectonics, and millennial erosion rates are controlled by climate change. Special attention is paid to the glacial impact on landscape morphometry and related potential perturbations of millennial to Myr-scale erosion rates.
[6] The study area encompasses the Belledonne, Vanoise, and Queyras regions of the Western European Alps, immediately north and east of the Ecrins-Pelvoux massif investigated by Delunel et al. [2010] . This area is well suited to investigate the relative importance of tectonics and climate in driving erosion rates, because these processes act on different temporal and spatial scales, and our combined analysis allows us to map spatial and temporal variations in erosion rates. At present, there is a weak climate (mean annual precipitation) gradient, but a strong tectonically controlled gradient in Myr-scale uplift and erosion rates in the study area [e.g., Fügenschuh and Schmid, 2003; Tricart et al., 2006; Vernon et al., 2008] ; thus, if millennial erosion rates follow the Myr trend, this would argue for a tectonic control. Conversely, millennial erosion rates are perhaps strongly perturbed by extensive Quaternary glaciations, in which case we expected them to be independent of the long-term trend, but instead scale with some climatic or morphometric proxy.
Geological and Geomorphic Setting
[7] The study area comprises the Isère drainage basin, upstream of the city of Grenoble, and the Queyras region in the French Western Alps. It consists of different tectonometamorphic units, belonging to the Helvetic and Penninic domains of the Alps (Figure 1 ). The Helvetic domain corresponds to the former Eurasian passive margin, whereas the Penninic domain represents the Penninic-Ligurian Ocean basin. During the Alpine orogeny, the Penninic domain has been thrusted over the Helvetic domain along the Penninic frontal thrust (PFT) [e.g., Schmid et al., 2004] . West of the PFT, the study area includes the Belledonne and EcrinsPelvoux external crystalline massifs, consisting of Variscan basement and its Mesozoic sedimentary cover. Further east, remnants of the sedimentary infill of the former PenninicLigurian Ocean crop out between continental slivers of middle Penninic origin, such as the Gran Paradiso massif (Figure 1) .
[8] These once deeply buried units were asynchronously exhumed to near-surface crustal levels, as revealed by thermochronology [e.g., Seward and Mancktelow, 1994; Fügenschuh and Schmid, 2003; Malusà et al., 2005; Beucher et al., 2012] . The internal units were exhumed first, as indicated by apatite fission-track (AFT) ages ranging from 10 to 40 Ma. In contrast, AFT ages of the external massifs and part of the westernmost internal units are <10 Ma, with a minimum age of 1.6 Ma (for a compilation, see Vernon et al. [2008] ).
[9] At present, the tectonics of the Western Alps is characterized by extension in the core of the orogen and oblique compression in its external parts [e.g., Sue et al., 1999 Sue et al., , 2007 . In the absence of present-day convergence in the Western Alps [e.g., Nocquet and Calais, 2003] , it is assumed that buoyancy forces in the core of the orogen balance moderate ongoing compression at its edges [e.g., Sue et al., 1999 Sue et al., , 2007 . Leveling has revealed present-day rock-uplift rates of up to~1.5 mm/yr in the Belledonne massif [Jouanne et al., 1995] ; recent continuous GPS data corroborate these and suggest similarly high rates in the Vanoise region of the internal western Alps [Brockmann et al., 2009; Nocquet et al., 2011] .
[10] The study area was strongly glaciated during the Quaternary, with Last Glacial Maximum (LGM) ice-surface elevations ranging from 1.2 km in the Isère Valley near Grenoble to 2.6 km in the Grand Paradiso massif [e.g., Kelly et al., 2004; Coutterand, 2010; Delunel, 2010] . The Penninic frontal thrust Schmid et al., 2004] with location of analyzed catchments of this study (black and red) and from Delunel et al. [2010] (blue). Abbreviations of external and internal crystalline massifs: AR = Aiguilles Rouges, B = Belledonne, DM = Dora Maira, GP = Gran Paradiso, MB = Mont Blanc, and P = Ecrins-Pelvoux.
ELA of glaciers was at elevations of 1.8 ± 0.1 km during the LGM [Ivy-Ochs et al., 2006; van der Beek and Bourbon, 2008] , approximately 1.1 km lower than the present-day ELA located at~2.9 km [Vincent, 2002; Rabatel et al., 2005] . Glacial flow directions approximately followed the present-day drainage network, with major valley glaciers flowing down the Maurienne and Tarentaise Valleys joining the Isère ice stream (for location, see Figure 2 ). During maximum glaciation, only the highest mountain peaks stood above the ice surface as nunataks. The main valley glaciers rapidly retreated during the Late Glacial stage (15-20 ka BP), followed by several lesser glacier advances [e.g., IvyOchs et al., 2008; Delunel, 2010] . The most recent, and arguably smallest, advance happened during the seventeenth to nineteenth century Little Ice Age (LIA), but was confined to cirques [e.g., Ivy-Ochs et al., 2008] . Today, glaciers in the study area are restricted to high-elevation regions (>2.6 km). The general retreat of glaciers since the LGM has exposed hillslopes that are partly blanketed by loose glacial deposits produced by enhanced LGM and Late Glacial erosion compared to moderate Holocene rates [e.g., Hinderer, 2001] .
[11] The geomorphological imprint of Quaternary glaciations is profound and includes overdeepened valleys such as the Isère Valley, which was carved to >300 m below sea level and was filled rapidly after deglaciation until 12 ka BP [Nicoud et al., 2002] , U-shaped valleys, hanging tributaries, high-elevation low-relief rock shoulders, and steep mountain peaks [e.g., van der Beek and Bourbon, 2008] (Figures 2 and  3 ). River long profiles of the upper reaches of the Maurienne and Tarentaise Valleys present a succession of valley steps and flats, typical for glacially influenced river profiles [e.g., MacGregor et al., 2000; Anderson et al., 2006] . The topographic steps partly correlate with the position of the ELA during the LGM and Late Glacial stages (Figure 4a ; for more examples, see Figures S1-S4), and thus are assumed to be the result of efficient glacial erosion around the ELA [e.g., Brozović et al., 1997; Anders et al., 2010; Sternai et al., 2011] . As a consequence, main valley floors were deepened, leading to development of hanging valleys, and corresponding tributary river profiles exhibit negative concavities (Figure 4e ; Figures S5-S9 ). Hypsometries of analyzed catchments often show a maximum between the LGM and present-day ELAs (Figures 4d, 4h , and S12), similar to catchments in the Ecrins-Pelvoux massif [van der Beek and Bourbon, 2008, Figure 7] .
Sampling Strategy
[12] Eleven subcatchments of the Isère drainage basin and three subcatchments of the Guil River, a tributary of the Durance, were sampled for the calculation of 10 Be-derived catchment-wide erosion rates (Figures 1 and 2 and Table 1 ). We sampled sandbars of active stream channels upstream of major confluences (except for sample CGP201) and visually inspected aerial photographs to exclude catchments with clear evidence of large landslides, which potentially impact 10 Bederived erosion rates [e.g., Niemi et al., 2005; Yanites et al., 2009; Kober et al., 2012] . Various erosional processes typical for Alpine settings are active in the study area; within the headwaters of sampled catchments, rock falls, debris flows, and (periglacial) glacial erosion occur, whereas fluvial erosion dominates the lower reaches of the analyzed catchments.
[13] We focused our sampling on lithologically homogeneous catchments with a high fraction of quartz-bearing rocks. For this reason, some of the sampled catchments are relatively small, especially in the Tarentaise Valley. In the internal Alps, especially along the Guil River, sampled catchments are large to ensure sufficient concentration of quartz by erosional/weathering processes and mixing of sparsely quartz-bearing schists and Quaternary deposits (predominantly LGM in age). Major valleys with abundant flats (Figures 2 and 3) are not sampled to guarantee that the residence of sediments is insignificant compared to the time needed to erode one attenuation length [e.g., von Blanckenburg, 2005] . The frequency of flat areas (<3°) in analyzed catchments is between 0.1 (CGP203) and 3.1% (CGP206); for most catchments, it is around 1% (Figures 3  and 4 ; Figure S12 ). Therefore, we decided to include valley floors in our analysis, although they may not deliver sediments to the present fluvial system. Sampled catchments can be subdivided according to their lithology and glacier cover into three distinct groups: (i) catchments in the Belledonne massif comprise nearly solely crystalline rocks with minor Quaternary cover and glaciers are not present today; (ii) subcatchments of the Isère drainage basin in the Vanoise region are composed of various meta-sedimentary Figure 1 ). Numbers of sample localities in Figure 2a appended to CGP200 give sample code.
rocks and are partly covered by Quaternary deposits and glaciers; and (iii) the Guil catchments in the Queyras region are underlain by different types of schists (mainly Schistes Lustrés) and are generally covered by extensive Quaternary deposits, but lack modern glaciers (Figures 1 and 10 ).
Methods and Analytical Procedure
[14] In this study, we applied in situ produced cosmogenic 10 Be and AFT thermochronology analyses of stream sediments to estimate absolute and relative rates of surficial mass removal from the Earth's surface by mechanical and chemical processes, which are defined as "erosion" [e.g., Ring et al., 1999] . Strictly speaking, thermochronology measures rates of cooling, which can be interpreted as rates of unroofing (exhumation) assuming a transient or steady state geothermal gradient [e.g., Reiners and Brandon, 2006; Willett and Brandon, 2013] . Exhumation is the integral of tectonic and erosional processes both occur in convergent orogens such as the Alps, for instance, major tectonic unroofing occurred along the long-angle detachment of the Simplon fault zone [e.g., Campani et al., 2010] . The absence of such major extensional structure in our study area, however, lets us assume that the dominant exhumational process was erosion.
Morphometric and Environmental Measures
[15] We performed a detailed geomorphic analysis and extracted a variety of environmental and morphometric measures (such as river long profiles, hillslope, normalized geophysical relief, and steepness index), which are reported in Table 2 . Reported catchmentaveraged geomorphic values are of quartz-bearing grid cells only, but in grid cell-based scatterplots, we also report measures of nonquartz-bearing grid cells. River profiles and mean morphometric measures of sampled catchments are analyzed and compared to millennial and Myr-scale erosion rates to assess the long-and short-term driving forces of landscape evolution.
[16] Studies in steady state fluvial landscapes have shown that geomorphic parameters (in particular the fluvial steepness index) scale with uplift and erosion [e.g., DiBiase et al., 2010] and can thus be used to estimate otherwise difficult to measure millennial to Myr-scale uplift rates [e.g., Lague et al., 2000; Cyr et al., 2010; Kirby and Whipple, 2012] . Changes in uplift rate, base-level variations, and glacial erosion will perturb landscapes, and depending on the response time of the system, which mainly depends on the basin size and uplift/erosion rate, a new steady state is Figures S2-S11 ). Numbers of sample localities in Figure 3a refer to sample code plus CGP200. typically reached on a million-year timescale [e.g., Whipple, 2001; Whittaker and Boulton, 2012] . In the study area, due to enhanced erosion capacity of trunk valley glaciers and related valley widening and/or deepening, hanging valleys developed in tributary streams [e.g., Penck, 1905; MacGregor et al., 2000] . Since deglaciation, hanging valleys have been loci of enhanced erosion [e.g., Norton et al., 2008; Valla et al., 2010] , but due to their long response time, these landscapes are still far out of equilibrium with current climate conditions. Although not in steady state, geomorphic measures combined with erosion estimates can be applied to estimate landscape perturbation and readjustment [e.g., LGM-ice thickness calculated by subtracting the present-day topography from the LGM ice-surface map of Coutterand [2010] . e Slope, calculated as the arc tangent of the steepest gradient of a 3 × 3 moving window (eight neighbor cells). f Ridgeline geophysical relief calculated with the approach described in detail by Brocklehurst and Whipple [2002] . g k sn is the steepness index normalized with a reference concavity of 0.45 calculated with Stream Profiler (http://www.geomorphtools.org). h Annual precipitation rates from measurements between 1971 and 2000 [Auffray et al., 2000] . i Long-term exhumation rates derived from 1-D steady state thermal modeling of an interpolated surface AFT map (for details see section 4.3). Norton et al., 2010a Norton et al., , 2010b Olivetti et al., 2012; Whittaker and Boulton, 2012] .
[17] Hillslope is defined here as the inverse tangent of the steepest gradient of a 3 × 3-moving window (eight neighbor cells), whereas mean hillslope includes flat areas and valley bottoms. For each sampled catchment, we derived elevationhillslope scatterplots with corresponding elevation histograms (hypsometry), hillslope histograms, altitudinal dependence of hillslopes, and hillslope dependence of elevations. Calculated histograms and dependencies are for all grid cells including quartz-free lithologies. Hypsometries were binned in 100 m intervals, and mean hillslopes were calculated for each interval. Similarly, hillslope histograms were binned in 5°intervals, and mean elevations were calculated for each interval (Figures 4d and 4h) .
[18] The relief of landscapes varies with scale and the method by which relief is calculated [e.g., Brocklehurst and Whipple, 2002] . We calculated the geophysical relief [Small and Anderson, 1998 ], which is the difference between a surface encompassing all ridgelines and the present-day topography, using the approach described in detail by Brocklehurst and Whipple [2002] . Ridgelines of each catchment were isolated and used to interpolate a smooth cubic spline surface. Locations within the catchment that stuck out of the interpolated surface were iteratively added to the ridgeline data, and interpolation of the cubic spline surface was repeated until the interpolated surface overtopped all grid cells of the SRTM DEM. The corresponding geophysical relief can be obtained by subtracting the present-day surface from the interpolated surface and averaged by dividing by catchment area (for example, see Figure S14 ).
Mean basin relief scales logarithmically with basin area (Figure 5a ; see also Brocklehurst and Whipple [2002, Figure 7] ); therefore, we normalized the geophysical relief. Dividing basin-average relief by basin area does not reduce the dependence. Basin-average relief divided by the square root of basin area results in a dimensionless measure of the geophysical relief, which, however, still shows dependence on basin area (Figure 5b ). A measure of relief that is independent of basin area, which we call normalized geophysical relief, can be obtained by normalizing with the fitted logarithmic function (Figure 5c ).
[19] Commonly, a power law relationship exists between the local slope (S) of fluvial channels and the corresponding drainage area (A), known as Flint's law [Hack, 1957; Flint, 1974] 
where k s is the channel steepness index and θ is the concavity index. Regression analysis between S and A can be used to obtain characteristic k s and θ for selected river channels. However, since k s and θ are strongly correlated, comparing different channels requires choosing a reference concavity to obtain normalized steepness indices [e.g., Wobus et al., 2006; Kirby and Whipple, 2012] . Here we follow recent analyses in fluvial and glacial mountainous landscapes [e.g., Ouimet et al., 2009; DiBiase et al., 2010; Norton et al., 2011] , normalizing the steepness index (k sn ) to a fixed reference concavity of 0.45 using Matlab ® and ArcGIS ® scripts available at http://www.geomorphtools.org. Although fitted concavities and associated k sn values can be highly Figure 5. Relation between drainage area and relief. (a) Semi-logarithmic scatterplot of mean ridgeline geophysical relief and drainage area. Black dots, red triangles, and green squares are catchments in the Isère drainage basin, the Ecrins-Pelvoux massif, and the Queyras region, respectively. Best-fit nonlinear regressions are plotted for the whole data set (black-red-green line) with 95% confidence interval, for the Ecrins-Pelvoux data (in red) and the Isère data (in black). Regression function, correlation coefficient, and p-value of the significance of the correlation from t-statistics are shown in Figure 5a for the whole data set. The corresponding relationship for the Ecrins-Pelvoux (Isère) data subset is: y = 175.7*log(x) À 151 (y = 133.5*log(x) À 87.9), R = 0.98 (R = 0.95) and p = 6.8 × 10
). (b) Relation between drainage area and mean ridgeline geophysical relief divided by the square root of drainage area. (c) Relation between drainage area and the ratio of the measured and predicted (from the function fitted to the whole data set in Figure 5a ) mean ridgeline geophysical relief.
variable (Figures 4 and S1-S11), a study in the Central and Eastern Alps showed that relative changes in k sn are not significantly affected by applying different reference concavities [Norton et al., 2010b] .
[20] While fluvial erosion is the dominant erosion process today, large parts of the landscape bear witness to glacial erosion. Quantifying the impact of extensive previous glaciations on Holocene erosion rates is challenging. The efficiency of glacial erosion is assumed to depend primarily on the basal sliding velocity of glaciers [e.g., Humphrey and Raymond, 1994; Hallet et al., 1996] , which is difficult to estimate especially for past glaciations, as it requires application of complex glacier models, knowledge of the preglacial topography, and accounting for the effect of subglacial melt-water and sediment [e.g., Herman et al., 2011; Egholm et al., 2012] . A snapshot of past basal sliding and thus glacial erosion can be obtained from the product of ice thickness and slope of the ice surface [e.g., Nye, 1952] . Rapid headward retreat of glacial erosion [e.g., Shuster et al., 2011] , however, impedes using this approach to quantify time-integrated glacial erosion. Here we used the mean LGM ice thickness as a proxy for the potential effect of time-integrated glacier erosion [e.g., Brocklehurst et al., 2008] , which we calculated by subtracting the present-day topography from the LGM icesurface map of Coutterand [2010] . In addition, the extents of present-day glaciers and widespread glacial deposits were mapped from 1:50000 scale geological maps.
10
Be-Derived Catchment-Wide Erosion Rates [21] Cosmic rays interact with target elements in the Earth's atmosphere and surface to produce cosmogenic nuclides, including 10 Be (see Dunai, [2010] for a review). The production of 10 Be decreases exponentially with depth in the uppermost few meters of the Earth's surface; the 10 Be nuclide concentration of an eroding surface will reach steady state (i.e., production equals loss induced by radioactive decay and erosion) after continuous removal of several attenuation length-scales. Instead of sampling pointwise locations, a more synoptic view of catchment-wide erosion rates can be obtained from sampling erosional products carried by streams exiting the catchments [e.g., Brown et al., 1995; Riebe et al., 2000; von Blanckenburg, 2005] . In this case, the 10 Be concentration C measured in wellmixed stream sediment is related to the mean catchment production rate P and erosion rate E following [Lal, 1991] 
in which λ is the 10 Be decay constant (5.00 ± 0.06 × 10 À7 yr À1 ) [Chmeleff et al., 2010; Korschinek et al., 2010] , ρ is rock density (e.g., 2.7 g cm
À3
) and Λ is the characteristic attenuation length for 10 Be production with depth (~150 g cm À2 ). From equation (2), a mean time-integrated catchment-wide erosion rate E can be calculated [e.g., Brown et al., 1995] assuming that (i) erosion within the catchment is constant over the time needed to denude one attenuation-length scale (erosional timescale), (ii) production rates are corrected for differences in the quartz-content and grain size of contributing lithologies, and (iii) the residence time of sediments within the catchment is insignificant compared to the erosional timescale [e.g., von Blanckenburg, 2005] . The major unknown in equation (2) is the mean production rate, which, in this study, has been estimated using available Matlab ® functions from the CRONUS-Earth project (http://hess.ess.washington.edu/). At each grid cell of corresponding catchments, the surface production rate P i , shielding S i , and relative quartz contribution L i were estimated, and the mean production rates were calculated [cf. Delunel et al., 2010, equation (2)]:
where n is the number of grid cells that contain quartzbearing lithologies in the corresponding catchment and S t i , S g i , and S s i are shielding factors of the i-th grid cell due to topography (including self-shielding), glaciers and snow, respectively. A present-day, spallogenic sea-level high-latitude (SLHL) production rate of 4.49 ± 0.39 atoms/g/yr [Balco et al., 2008] (see also http://hess.ess.washington.edu) was scaled for altitude and latitude using scaling factors proposed by Stone [2000] and assuming spallogenic, stopped and fast muon fractions of the total production equal to 0.9785, 0.015, and 0.0065, respectively. Shielding S t , including topographic and self-shielding, was estimated for each grid cell of a SRTM DEM with a resolution of 90 m following Dunne et al. [1999] . A viewshed function was applied to each grid cell of corresponding catchments to find all surrounding visible grid cells, and from this, the maximum inclination of the horizon in 10°orientation steps was used to calculate the topographic shielding. Note that due to terrain smoothing, calculated shielding factors are maximum estimates and "true" shielding factors may be up to 10% lower [Norton and Vanacker, 2009] .
[22] We used the present-day glacier extent (mapped from 1:50000 scale geological maps) as a proxy for glacier shielding S g during the time represented by the erosional timescale. A value of 1 is assigned to S g for all grid cells, except those covered by present-day glaciers that are set to 0. Note that by assuming zero 10 Be production rates below present-day glaciers, we potentially overcorrect the glacial shielding effect on production rates, especially the muogenic production. Measurements of recent glacier outwash material have revealed that the assumption of zero concentration is not always true, as outwash material can contain considerable concentrations of 10 Be due to complex exposure histories [Wittmann et al., 2007; Delunel, 2010] . Only two of our sampled catchments have considerable glacial area (>10%), and thus catchment-wide erosion rates are minimum estimates for these samples.
[23] The combined effects of former (LGM) glacier erosion, shielding, and incorporation of glacial sediments can further bias catchment-wide erosion rates. According to the approach of Wittmann et al. [2007] , we have investigated whether surface 10 Be concentrations (of both bedrock and glacial sediments) have reached steady state after potential zeroing since 15 ka (LGM). 1-D modeling results imply that present-day surface 10 Be concentrations have not reached steady state, and thus calculated 10 Be-derived erosion rates are overestimated by 3 to 28% for modeled erosion rates between 1.5 and 0.1 mm/yr, respectively (see Figure S13 ). Except for very low erosion rates (<0.2 mm/yr), differences are within typical analytical uncertainties of 10 Be analyses, and thus we do not correct 10 Be-derived erosion rates for this effect. Incorporation of glacial sediments can further bias catchment-wide erosion rates, especially if the age of glacial sediments is comparable to the erosional timescale and they are eroded by fluvial undercutting [e.g., Wittmann et al., 2007] . Although large portions of the study area are covered with glacial sediments, these are predominantly of LGM age, and according to our calculations, surface 10 Be concentrations reached quasi steady state considering typical analytical uncertainties [e.g., Wittmann et al., 2007] .
[24] Snow shielding S s was estimated from cosmic-ray flux measurements conducted over several years using neutron monitors of nearly horizontal surfaces in the nearby EcrinsPelvoux massif [Delunel, 2010] . The ratio between the recorded flux in summer (no snow cover) and the mean yearly flux (including winter periods with considerable snow cover) was used as a proxy for snow shielding, assuming that cosmogenic nuclide production scales linearly with the measured neutron fluxes. The data reveal an approximately linear correlation between snow shielding and elevation (Figure 6 ), which we extrapolated to estimate the corresponding snow shielding for each grid cell in the study area. Hereby, we assume that snowfall in the Isère catchment is spatially invariable and comparable to that in the Ecrins-Pelvoux massif, and that these short-term measurements approximate mean values over the integration time of the 10 Be data.
[25] Finally, 1:50000-scale geological maps were used to map the relative quartz contribution of each grid cell; L i was set to 1 for grid cells containing lithologies that deliver quartz grains within the target grain size fraction (e.g., granite, gneiss, and quartzite) and to 0 for other lithologies (e.g., carbonate, schist). Thus, we calculated production and shielding factors only for grid cells that contain quartzbearing lithologies (cf. equation 3). Resulting mean shielding factors and production rates are reported in Table 3 .
Cosmogenic 10 Be Analytics
[26] All samples have been processed as described by Delunel et al. [2010] . Pure quartz was obtained from the nonmagnetic 250-500 μm grain size fraction after repeated etching steps with an H 2 SiF 6 -HCl mixture following the protocol described by Brown et al. [1991] . Atmospheric 10 Be attached to grain boundaries was eliminated by three successive treatments with 10% HF dilutions, which in total reduced the sample weight by approximately 30%. After adding approximately 0.3 mL 9 Be carrier solution with a concentration of 1000 ppm Be (Scharlau ICP standard batch 03450106), the sample was totally dissolved in a strong HF solution, followed by purification in anion and cation exchange columns. The remaining solution was oxidized to BeO. 
Erosion Rates Derived From Detrital Thermochronology
[27] In this study, we used bedrock and detrital AFT thermochronology to estimate erosion rates on the Myr-scale and relative differences in millennial erosion rates, respectively. Both estimates are based on a bedrock AFTage map of the Isère catchment, interpolated from published bedrock AFT ages [Lelarge, 1993; Seward and Mancktelow, 1994; Fügenschuh et al., 1999; Fügenschuh and Schmid, 2003; Malusà et al., 2005] .
[28] In the simplest case, bedrock thermochronological ages vary only vertically or horizontally, and age maps can be estimated by 2-D interpolation. However, in most regions, bedrock thermochronological ages vary in all spatial directions due to variable uplift rates and/or the perturbation of isotherms caused by pronounced topography and variable rock properties [e.g., Stüwe et al., 1994] . In this case, the construction of accurate bedrock-age maps with 2-D interpolation methods requires a high density of age data. To illustrate this issue, we have used a 3-D thermal-kinematic model (Pecube) [Braun, 2003; Braun et al., 2012] to produce a continuous AFT-age map for a spatially and temporally variable erosion history in the Western Alps (Figures 7a  and 7b ). Modeling uses steady state topography, a crustal thickness of 35 km, a basal temperature of 600°C, and a heat production of 1 μW/m 3 . Time-temperature paths were derived for a spatially and temporally variable exhumation history and corresponding surface AFT ages calculated with the annealing algorithm of Ketcham et al. [1999] . Modeled exhumation linearly increases from South to North with a factor of 1.5, and exhumation started at 30 Ma with 0.2 km/ Myr in the South (0.3 km/Myr in the North), increasing to 0.6 km/Myr at 5 Ma in the South (0.9 km/Myr in the North).
[29] A 2-D linearly interpolated AFT-age map based on 100 randomly chosen sample points (black dots in Figures 7b-7d) significantly deviates from the modeled AFT-age map (Figure 7c) , with a mean age difference of 49%. Comparable results were also found with cubic, nearest neighbor, and the Matlab ® "v4" interpolation schemes. Although the regional age pattern (increasing ages to the [Delunel, 2010] . Linear regression yields a significant correlation coefficient of 0.88 (p < <0.05). Significance was tested with t-statistics.
South) can be resolved with such a 2-D interpolation, the small-scale accuracy, required for instance to infer spatial differences in catchment erosion rates with detrital thermochronology, is missing. In contrast, the complex age pattern with ages generally increasing both to the South and with elevation is much better retrieved with a linear 3-D interpolation, yielding a mean derivation of 3.2% (11.4% for nearest-neighbor 3-D interpolation) (Figure 7d ). The applied 3-D interpolation procedure is based on interpolation functions available in Matlab ® and illustrated in Figure 8 . Bedrock sample locations (x, y, and z coordinates) with measured AFT ages (Figure 8a ) together with a zero AFTage assumption at À5 km above sea level are used to interpolate a regular 3-D age matrix (Figure 8b ) with horizontal and vertical resolution of 1 and 0.1 km, respectively. The zeroage assumption is based on a mean surface temperature of 10°C, an AFT closure temperature of 120°C, and a geothermal gradient of 22°C/km (110°C/22°C/km = 5 km). Note that changing the zero-age depth to À4 or À6 km does not significantly change the resulting age matrix. To obtain the surface age map, the 3-D age matrix is intersected with the DEM; the age of each grid cell of the DEM corresponds to the spatially closest element in the AFT matrix (Figure 8c) .
[30] In this study, we extracted Myr-scale erosion rates from such a 3-D interpolated surface AFT-age map assuming a common 1-D steady state thermal structure [Brandon et al., 1998 ], with a model depth of 30 km, a thermal diffusivity of 30 km 2 /Myr, a heat production of 8°C/km, a fixed surface temperature of 10°C, a stable (without erosion) surface thermal gradient of 30°C/km, and AFT annealing kinetics from Ketcham et al. [1999] . We acknowledge that more evolved methods of estimating Myr-scale erosion rates exist, which take into account potential transient effects [Rahl et al., 2007; Avdeev et al., 2011] as well as the influence of surface topography on the thermal field [Braun, 2002] , but for the purposes of our study, these first-order estimates are sufficient.
[31] Furthermore, we used a novel approach to derive millennial-scale estimates of catchment erosion patterns with detrital thermochronology interpreted with respect to an interpolated surface thermochronological age map, comparable but not identical to previous studies [Brewer et al., 2003; Stock et al., 2006; Vermeesch, 2007; McPhillips and Brandon, 2010; Avdeev et al., 2011; Tranel et al., 2011] . Detrital thermochronological age distributions of present-day stream sediments reflect the bedrock thermochronological age pattern within the source area convolved with the potentially spatially variable erosion pattern, as well as differences in bedrock mineral concentrations [e.g., Resentini and Malusà, 2012] . Quantifying differences in mineral concentration is very labor-intensive, especially for large catchments like the studied Isère catchment with numerous different outcropping lithologies. We therefore assume here that concentrations of the target mineral (apatite) do not vary significantly in silica-rich crystalline rocks, although a recent study has revealed that such variations may be important [Tranel et al., 2011] . Thus, to estimate spatially variable erosion rates, the bedrock-age pattern needs to be quantified. Be/ 9 Be blank ratio was 3.31 ± 0.76 × 10 À15 ). 10 Be measurements were calibrated against the National Institute of Standards and Technology (NIST) standard reference material 4325 by using an assigned value of 2.79 ± 0.03x10 À11 and a 10 Be half-life of 1.387 ± 0.012 × 10 6 year [Chmeleff et al., 2010; Korschinek et al., 2010] . b Catchment-averaged total shielding factor for quartz-bearing lithologies including (i) topographic-and self-shielding computed according to Dunne et al. [1999] , (ii) glacier shielding using present-day glacier extent, and (iii) snow shielding, estimated from a linear correlation between elevation and snow shielding derived from cosmic-ray flux measurements [Delunel, 2010] .
c Catchment-averaged surface 10 Be production rate based on a modern SLHL 10 Be production rate of 4.59 ± 0.40 atoms/g*yr that integrates a spallogenic production rate of 4.49 ± 0.39 atoms/g*yr (cf. section 4.2 for details) [Balco et al., 2008 and update to this paper at http://hess.ess.washington.edu/] and scaled for latitude, altitude, and skyline shielding factors. 1σ uncertainty corresponds to ∼9% error on scaling factor [Stone, 2000; Balco et al., 2008 and update Be-derived erosion rates are calculated for neutrons, stopped, and fast muon contributions to the total 10 Be surface production rate of 0.9785, 0.015, and 0.0065, respectively, as well as effective attenuation lengths of 150, 1500, and 5300 g cm À2 for neutrons, stopped, and fast muons, respectively. A rock density of 2.7 g/cm 3 is used for all calculations.
(1) Raw erosion rates and (2) erosion rates corrected for total shielding. e 1σ uncertainties include uncertainty on Accelerator Mass Spectrometry (AMS) counting statistics, AMS external error (0.5%), chemical blank measurement, and scaling factor.
In the simple example shown in Figure 9 , thermochronological ages vary linearly with elevation only so that catchment hypsometry reflects the bedrock-age distribution. The latter can then be compared to measured detrital age distributions of stream sediments to decipher the variability of erosion rate with elevation ( Figure 9 ). Although in some regions, this simple age-elevation relationship is applicable [Brewer et al., 2003; Stock et al., 2006; Vermeesch, 2007; Avdeev et al., 2011; Tranel et al., 2011] , applications on larger scales and/or more complex regions require approximation of the 2-D [McPhillips and Brandon, 2010] or 3-D (this study) age pattern.
[32] Interpreting the detrital age distribution with respect to the bedrock AFT-age distribution requires taking into account the sample-specific analytical uncertainties (counting statistics). Here we build on the approach of Vermeesch [2007] to produce synthetic detrital AFT samples based on relative erosion and bedrock AFT-age maps. Generation of a theoretical detrital age of grain j includes the following steps [cf. Vermeesch, 2007] :
[33] 1. Randomly select a number of counted induced tracks (N ij ) from the measurement database.
[34] 2. Select a bedrock fission-track age (t j ) from the interpolated surface age map, letting the probability of sampling a specific pixel depends on its erosion rate relative to the mean catchment erosion rate. We tested six different temporally constant erosion models: (A) spatially uniform erosion, as expected for a steady state landscape with spatially uniform tectonic and climatic forcing [e.g., Whipple, 2001] ; (B) erosion decreasing or (C) increasing with elevation, as a result of, e.g., changes in (local) base-level or frost-cracking processes, respectively [e.g., Delunel et al., 2010; van den Berg et al., 2012] ; (D) erosion increasing with slope, as observed in landscapes characterized by hillslopes below the threshold gradient [e.g., Montgomery and Brandon, 2002] ; (E) erosion increasing with Myr-scale erosion rates from interpolated AFT ages, as expected for steady state landscapes with spatially variable, but temporally constant tectonic and climatic forcing [e.g., Willett and Brandon, 2002] , and (F) as (E), but increasing relative erosion rates of areas with a Myr-scale erosion rate <0.4 km/Myr by a factor of two. There is no direct theoretical justification for the latter threshold approach; it is rather based on the observed relation between millennial and Myr-scale erosion rates (see section 5). Corresponding relative erosion-rate maps were constructed by linear scaling of parameter maps (e.g., hillslope map) to values between 0 (minimum parameter value) and 1 (maximum parameter value).
[35] 3. Calculate the corresponding number of spontaneous fission tracks (N sj ) with the rearranged fission-track age equation [Hurford and Green, 1983] :
in which λ α is the α-decay constant of 238 U, ρ d is the dosimeter track density, G is the geometry factor, and ζ is a personal calibration factor [e.g., Hurford and Green, 1983] .
[36] 4. Redetermine N ijp and N sjp from a Poisson distribution with N ij and N sj as mean values, respectively.
[37] Repeating this procedure for the number of counted grains (here 75) results in a synthetic probability-density function (PDF) of predicted single-grain ages for a measured sample. A thousand synthetic PDF have been generated for each erosion model. Statistical methods such as the Kuiper test then allow verifying whether measured and modeled thermochronological ages are drawn from the same distribution. Either they are statistically indistinguishable, which means that the chosen erosion pattern can explain the measured detrital thermochronology data, or they are different and the relative erosion map is dismissed. A unique solution is only obtainable when the analytical uncertainty of the dating method is smaller than minimum difference in bedrock ages, which is generally excluded by the analytical uncertainties of the applied thermochronological method, which are relatively high compared to the variation in bedrock ages.
Results

Geomorphic Analysis
[38] The geomorphic analysis (river long profiles, elevation-hillslope scatterplots, and corresponding histograms) reveals that studied catchments can be roughly subdivided into large catchments (>30 km 2 ), small "hanging" tributary catchments (<15 km 2 ), and intermediate catchments. Large catchments are characterized by a stepped profile of the trunk stream; the location of flats and steps are concentrated between the position of the LGM and present-day ELAs (e.g., Figure 4a ). In addition, hypsometries reveal a concentration of elevation around 2.0-2.5 km, between the LGM and present-day ELA (Figures 4d and S12 ), often associated with local minima in mean hillslope plots, similar to observations made immediately south of our study area [van der Beek and Bourbon, 2008] . And elsewhere hillslopes generally increase above the local minima and reach their maxima at elevations around or above the present-day ELA (e.g., Figure 4a ). Some catchments show a local maximum around the LGM ELA and reach their absolute minimum at minimum elevations. Altogether, the morphometry is typical for catchments strongly impacted by focused erosion of large valley glaciers around the ELA. Small catchments (<15 km 2 ) show more or less convex river long profiles and downstream increasing k sn values (Figures 4e-4g ). Hypsometries are not distinct, and mean hillslopes are nearly independent of elevation, whereas the hillslope maximum does not necessarily culminate at maximum elevations. As an example, the catchment of sample CGP203 (4 km 2 ) exhibits maximum hillslopes (>30°) at its lowest elevations coinciding with the LGM ELA (Figure 4h) . We interpret the morphometry of small tributary catchments as a direct result of focused valley incision and widening of the main trunk valleys (Maurienne and Tarentaise Valleys) during repeated glaciations, leading to local base level lowering, development of hanging valleys, and convex river profiles. Medium sized catchments show characteristics of both small and large catchments (e.g., CGP211, see Figure S11 ).
[39] Mean morphometric measures of studied catchments are comparable to elsewhere in the European Alps [Wittmann et al., 2007; Delunel et al., 2010; Norton et al., 2011] ; catchments differ among each other with respect to mean elevation (1.6-2.7 km), hillslope (22-34°), geophysical relief (143-852 m), and normalized steepness index (137-264) (Table 2).
Millennial Erosion Rates From Cosmogenic Nuclides
[40] Catchment-wide erosion rates, corrected for topographic, glacier, and snow shielding, as well as differences in relative quartz contribution, are between 0.27 m/kyr (CGP206) and 1.33 m/kyr (CGP201), and average over a timescale of~0.5-2.2 kyr for a mean attenuation length of 60 cm (Table 3, Figure 10 ). Erosion rates are in the range of rates observed within the Ecrins-Pelvoux massif to the south (0.27-1.07 m/kyr, ), as well as more regionally in the Central (0.11-1.58 m/kyr [Wittmann et al., 2007] ), Eastern and Southern (0.17-1.4 m/kyr [Norton et al., 2011] ) Alps. The lowest erosion rate (0.27 m/kyr, sample CGP206) was measured for a catchment draining the westernmost part of the Gran Paradiso massif, whereas the highest rate (1.33 m/kyr, sample CGP201) comes from a catchment in the adjacent Vanoise region (Figure 10) . Erosion rates measured on sediments of the Guil River in the Queyras region are intermediate (~0.5 m/kyr), similar to those of the Belledonne massif. Within the Belledonne massif, erosion rates seem to be higher for catchments draining into the transverse Tarentaise and Maurienne Valleys (~0.75 m/kyr) than for tributary catchments of the axial Isère River (~0.35 m/kyr; Figure 10 ). The highest variation in erosion rates is observed in the Vanoise region, where analyzed catchments yield rates between 0.39 and 1.33 m/kyr.
[41] Several catchments in the Vanoise region frequently produce mudflows, potentially disturbing the assumption that sampled stream sediments are well mixed [e.g., Niemi et al., 2005; Yanites et al., 2009; Kober et al., 2012] . As a result, catchment-wide erosion rates calculated from such samples may overestimate "real" erosion rates. To assess the potential impact of frequent mudflows, two samples from the Torrent le Ponturin (CGP200 and CGP201) were analyzed (for location, see Figures 2 and 10), one above and one below the confluence with a~7 km 2 catchment (17% of the total catchment area) that has very recently produced mudflows (see Figure S15 ). Apparent erosion rates of the upstream and downstream samples are 0.56 and 1.33 m/kyr (Table 3, Figure 10 ), respectively. Thus, the tributary catchment, even though it is relatively small, obviously delivers large amounts of quartz with low 10 Be concentrations, leading to high apparent erosion rates downstream of the confluence. Although our analysis reveals the potential of mudflows to strongly perturb 10 Be-derived erosion rates, in the light of our careful sampling strategy, we expect that measured erosion rates of all other samples represent good approximations of mean millennial-scale erosion rates. In the following interpretation and discussion, we will show all samples, but we do not take sample CGP201 into account when establishing correlations with morphometric measures.
Millennial to Myr-Scale Erosion Rates From Thermochronology
[42] Time integrated Myr-scale erosion rates were estimated from an interpolated bedrock AFT-age map (Figure 11a ) and 1-D thermal modeling (for details, see section 4.4). Estimated average Myr-scale erosion rates for the catchments range from 0.12 up to 0.72 km/Myr (Table 2) , somewhat lower than 10 Be-derived millennial erosion rates (0.27-1.16 m/kyr, Table 3 ). Myr-scale erosion rates are around or below 0.2 km/Myr for catchments in the internal Alps (east of the Penninic frontal thrust) and around 0.5 km/Myr in the external Alps (west of the Penninic frontal thrust).
[43] The combination of detrital and bedrock thermochronology was applied to track erosion patterns within single catchments 10 Be-derived catchment-wide erosion rates of analyzed catchments. The highest rate (1.33 m/kyr) is measured in a catchment with frequent mudflows (cf. Figure S15 ). Exposed lithology, Quaternary deposits, and present-day glacier extents within analyzed catchments are from 1:50000 scale BRGM (Bureau de Recherches Géologiques et Minières) geological maps of Albertville (N°7 26), Bourg-Saint-Maurice (N°727), La Rochette (N°750), Lanselbourg Mont-d'ambin (N°776), Montmelian (N°749), and Tignes (N°752). [Brewer et al., 2003; Stock et al., 2006; Vermeesch, 2007; McPhillips and Brandon, 2010; Avdeev et al., 2011; Tranel et al., 2011] . The timescale over which this approach is sensitive is on the order of 10 2 -10 3 yr, the time needed for comminution and transport of minerals from bedrock to sample sites in streams. In the following, we estimate relative spatial differences in erosion via inversion of a detrital AFT sample from the Isère River (CGP124) [Glotzbach et al. , Be-based erosion rates have been determined. Bedrock AFT ages of this area [Lelarge, 1993; Seward and Mancktelow, 1994; Fügenschuh et al., 1999; Fügenschuh and Schmid, 2003; Malusà et al., 2005] are color coded according to their age. Continuous bedrock AFT ages have been estimated from 3-D linear interpolation using Matlab® routines, but only those areas with apatite-bearing lithologies are shown here. (b) AFTage distribution of sample CGP124 from the Isère River at Grenoble [Glotzbach et al., 2011a] . Decomposition of the age distribution into statistically significant age populations using binomial peak fitting [Stewart and Brandon, 2004] yielded age peaks of 6.7 Ma (95% CI = 5.8-7.6 Ma) and 24.3 Ma (95% CI = 21.3-27.8 Ma). Figure 12 . Relative erosion-rate (RE) maps which were used together with the bedrock AFT-age map (Figure 11a ) to produce theoretical detrital AFT-age distributions. Grey shading indicates probability of an area to be sampled, with darker shades corresponding to higher probabilities. The probability is either (a) uniform or depends on different parameters, like (b and c) elevation, (d) hillslope, and (e and f) Myrscale erosion rate, where probabilities have been doubled for pixels with an erosion rate of <0.4 km/Myr in Figure 12f . Parameter ranges have been converted to probability by normalization. Areas that do not contain apatite-bearing rocks have been assigned a probability of 0 (white areas). 2011a]. The corresponding catchment of sample CGP124 encompasses all of the Isère tributary catchments analyzed with cosmogenic 10 Be ( Figure 11a ). Single-grain ages (n = 75) of this sample are between 1.3 and 100 Ma (Figure 11b ), whereas published bedrock AFT ages within the catchment (64 measurements) vary between 1.6 ± 0.1 and 41 ± 9 Ma (Figure 11a ). This apparent discrepancy is due to the high analytical uncertainty of single-grain AFT ages, the oldest detrital single-grain age (100 Ma), for instance, has a 2σ age range between 19 and 522 Ma. AFT ages of bedrock samples have been linearly interpolated in 3-D to obtain a continuous surface AFT-age map (Figure 11a ). We exclude areas underlain by lithologies other than sandstone, gneiss, and granite based on a 1:250000 scale geological map. Note that bedrock AFT ages have been reported for some of these excluded areas ( Figure 11a ); these were, however, sampled from small patches of sandstone within Flysch units or larger calcareous units with overall negligible apatite yield (e.g., Cheval Noir Unit, [Fügenschuh and Schmid, 2003] ).
[44] Rather than fully invert the detrital AFT data, different erosion models have been used to produce synthetic detrital AFT data that are compared with observed data (see section 4.4 for details). Six different probability (erosion) maps were tested ( Figure 12) ; resulting synthetic age PDFs are shown in comparison with the observed PDF in Figure 13 . Kuiper's statistics reveal that some erosion models explain the observed PDF better than others; the "best" models are those where millennial erosion rates are controlled by Myr-scale rates but are doubled for Myr-scale rates <0.4 km/Myr (13 out of 1000 models pass the test) and models where millennial erosion rates decrease with elevation (8 out of 1000 models pass the test). The rather high failure rate is at least partly due to the low sampling rate; only 75 ages out of 1368 interpolated bedrock ages are sampled according to the erosion rate. Applying the Kuiper test to all possible combinations of two synthetic AFT-age distributions from the same sample reveal that 40% of the data fail the test at a p-value of 0.05 (mean p-value is 0.2), even though they are sampled from the same distribution. To further increase the fit between observed and synthetic PDF, we suggest that future studies should as far as possible increase the number of analyzed detrital grains. Figure 13 . (a-f) Comparison of observed (black) and theoretical (grey or green) AFT-age distributions for sample CGP124 from the Isère River at Grenoble. Theoretical AFT-age distributions are sampled from an interpolated in situ AFT-age map (Figure 11a ). Sampling is controlled by probability maps, which reflect the probability of each cell to be sampled ( Figure 12 ). We test uniform and spatially variable erosion, varying with elevation, hillslope, and Myr-scale erosion rate. The Kuiper's test was applied to test whether the two distributions are similar at a significance level of α = 0.05. Theoretical AFT-age distributions appear green if they passed the Kuiper's test (p > 0.05) and otherwise are grey. KSTAT is Kuiper's statistic, i.e., the maximum difference between the observed and theoretical cumulative PDFs.
Discussion
[45] In the following discussion, we first identify interactions among our morphometric, cosmogenic, and thermochronologic results, and then investigate the relative contributions of tectonic and climatic forcing to landscape evolution over millennial to Myr timescales. The significance of correlations among environmental, geomorphic, and erosion measures are tested using the t-statistic with a significance level of 0.05, and only regressions with significant correlations (p-value <0.05) are reported. In addition, Table 4 reports all cross-correlation coefficients. The analyzed data set is complemented by data from the Ecrins-Pelvoux massif and compared to data from the Central and Eastern/Southern Alps [Wittmann et al., 2007; Norton et al., 2011] . Morphometric indices are mean values for quartz-bearing lithologies only (Table 2) , although using values for the entire catchments does not significantly alter observed patterns. We have also tested that observed relations are not biased by the applied snow-shielding correction of 10 Be production rates (see Figure S16) .
[46] The geomorphic analysis reveals that the present-day landscape bears witness of strong perturbation by repeated major glaciations, but does this climatic perturbation affect millennial and/or Myr-scale erosion rates, and if so, how? We test three contrasting hypotheses (i) the present-day/ Holocene climate controls millennial erosion rates, (ii) tectonic forces control the spatial pattern of erosion rates over millennial to Myr timescales, and (iii) Quaternary climate change not only strongly impacted morphometry but has also lead to temporal and spatial variations in erosion rates.
(Inter)Relations Between Present Climate, Morphometry, and Millennial Erosion Rates
[47] A climate control on erosion has been observed in different mountain ranges over various timescales [e.g., Finlayson et al., 2002; Reiners and Brandon, 2006; Moon et al., 2011] . Mean annual precipitation of analyzed catchments in the Western Alps from measurements between 1971 and 2000 [Auffray et al., 2000] correlate positively with geomorphic measures as well as Myr-scale erosion rates (Table 4) , however, no significant correlation with millennial erosion rates could be identified (Figure 14a) . Recently, Delunel et al. [2010] identified another potentially important climate control; they found a significant positive relation (p = 0.015) between millennial erosion rates and mean elevation for 12 catchments in the Ecrins-Pelvoux massif. This correlation, in the absence of correlations with any other morphometric measures, was interpreted by Delunel et al. [2010] to reflect the control of temperature-dependent (and thus elevation-dependent) frost-cracking efficiency on catchment-wide erosion rates in the massif. The Queyras data follow exactly this trend and both data together yield an even better correlation (p = 0.009). Unlike these samples, however, the cosmogenic data from the Isère drainage basin do not show a positive correlation with elevation ( Figure 14b) . Likewise, detrital thermochronological data are not well predicted by models of increasing erosion with elevation ( Figure 13c) . Instead, the cosmogenic and thermochronological data can be better explained if erosion scales negatively with elevation (Figures 13b and 14b) . In contrast to Delunel et al's [2010] data from the EcrinsPelvoux massif, the data from Wittmann et al. [2007] from the high Central Alps and our new data from the Isère region encompass various tectonic units. We believe that frost cracking in these areas may be as important as in the Ecrins-Pelvoux massif, but its effect could be hidden behind other controls on erosion rates, such as differences in lithology/rock stability and changes in local base level. Based on this, we suggest that the present climate only has a minor impact on millennial erosion rates in complex tectonic settings.
Does Tectonics Control Erosion and Morphology?
[48] The Myr-scale tectonic setting of the Western Alps is characterized by significant (km-scale) Neogene uplift and resulting erosion of the external crystalline massifs with respect to the internal Alps, as indicated by a strong gradient in surface AFT ages (Figure 11a) . No significant linear correlation between mean Myr-scale erosion rates and 10 Bederived millennial erosion rates is observable (Figure 14c ). It seems, however, that catchments with relatively high (>0.4 km/Myr) Myr-scale erosion rates, typical for the external crystalline massifs, erode at similar rates on millennial time scales (16 out of 26 samples), but catchments with lower (<0.4 km/Myr) Myr-scale erosion rates, typical for the internal Alps, erode two to three (one sample up to six) times faster on millennial time scales (Figure 14c ). These findings are corroborated by the detrital AFT data. Scaling relative erosion linearly with Myr-scale erosion rates yields only a few models that fit the observed detrital AFT distribution ( Figures 12e and 13e) ; most models overpredict the proportion of young ages and, concomitantly, predict too few old ages. Thus, it seems that areas characterized by relatively low Myr-scale erosion rates are at present eroding more rapidly according to the 10 Be-derived erosion rates by a factor of >2 (Figure 14c) . A corresponding erosion model, in which relative erosion increases with Myr-scale erosion rates, but is also increased by a factor of 2 in areas with Myr-scale erosion rates <0.4 km/Myr (Figure 12f ), produces on average the lowest discrepancy between observed and theoretical PDFs (Figure 13f ), corroborating the observed trend in 10 Be-derived erosion rates. The observed relation becomes even more striking when plotting the spatial distribution of the ratio between 10 Be-derived millennial and Myr-scale erosion rates in map view (Figure 15a) . Admittedly, mean Myr-scale erosion rates as calculated here average over different time scales (according to their mean AFT age, ranging from 1.6 to 41 Ma) and thus differences in erosion rates possibly incorporate enhanced Quaternary erosion.
[49] Based on these observations, we speculate that the relative impact of Quaternary climate change on millennial erosion rates is stronger in regions with lower Myr-scale erosion rates. According to the stream power model [e.g., Howard and Kerby, 1983] , steady state channel gradients will increase with rock uplift in rivers with similar erosional efficiency [e.g., Whipple and Tucker, 1999] . Therefore, regions uplifting and eroding slowly on the Myr-scale, such as the internal Alps, are characterized (in theory) by shallower river long profiles and less relief compared to rapidly exhuming regions, such as the external crystalline massifs, which may already have had steep rivers and significant relief before the Quaternary Beucher et al., 2012; Sternai et al., 2012] . In our study area, the slowly and rapidly exhuming regions are transversed by the Tarentaise and Maurienne Valleys (e.g., Figure 2 ), which may have had a major knickzone between these (internal/ external) regions before the Quaternary. A shift from upliftdepending river incision to uplift-independent valley incision and widening by glacier erosion [e.g., Brocklehurst and Whipple, 2007] may have substantially increased relief in the internal Alps since onset of major glaciations. If this is correct, morphometric parameters (e.g., steepness index) should be in balance with Myr-scale erosion rates in all but the most slowly exhuming regions. In effect, significant correlations with geomorphic measures exist (Table 4) , whereas catchments with the lowest estimated Myr-scale erosion rates have relatively high steepness indices that clearly plot off a linear regression line for all data (Figure 15b ). Similar multi-methodological studies in other settings are required to confirm these intriguing trends between millennial to Myr-scale erosion rates and geomorphic measures.
[50] Assuming that Myr-scale erosion rates are a proxy for long-term tectonic uplift, it seems that millennial erosion rates are not totally independent of tectonics. Geodetic data reveal a present-day rock-uplift pattern that is spatially less variable than the strong gradient in long-term rock uplift [Jouanne et al., 1995; Brockmann et al., 2009; Nocquet et al., 2011] , probably at least partly caused by isostatic compensation due to Holocene erosion and deglaciation [e.g., Champagnac et al., 2009] . Thus, the apparent relation between tectonics and millennial erosion rates is likely primarily caused by the positive feedback between climate change and isostatic rock uplift [e.g., Molnar and England, 1990] .
What is the Impact of Climate Change on Landscape Evolution and Millennial Erosion Rates?
[51] The present-day landscape of the Western Alps results from the erosional response to periodic Quaternary glaciations, as revealed by geomorphic analyses. Glacial erosion rates can be an order of magnitude higher than fluvial erosion [e.g., Hallet et al., 1996] and thus, potentially, markedly alter former fluvial landscapes, although Koppes and Montgomery [2009] have recently argued from a reanalysis of data on glacial erosion rates that the potential efficiency of glacial erosion has been overstated. Glacial erosion has been argued to be most efficient around the ELA, where glacier thickness, flux, and sliding rates are maximal [Humphrey and Raymond, 1994; Anderson et al., 2006] .
[52] Major glaciers in the transverse Tarentaise and Maurienne Valleys generated multiple steps in river long profiles and broadened valley bottoms; as a result, tributary valleys hang and show convex river profiles (Figures 3 and  4) . Heights of hanging tributary valleys generally increase as the ratio of trunk/tributary ice discharge increases [e.g., MacGregor et al., 2000] ; thus, glacial impact can be expected to be high for small tributary catchments at or around the position of the ELA. Consequently, geomorphic measures (hillslope, normalized steepness index and normalized geophysical relief) increase with decreasing basin size for all analyzed catchments in the Western Alps, although only normalized steepness indices exhibit a significant relation (Table 4) . Interestingly, we also find a significant negative correlation between 10 Be-derived erosion rates and basin size in the Isère region (Figure 14d) , in which erosion rates appear to increase exponentially with decreasing basin size. Smaller catchments from the Pelvoux-Ecrins massif also follow this trend, but above a threshold of~50 km 2 , erosion rates seem to be independent of basin area. Recently, several studies quantified transient gorge incision into glacially formed hanging valleys [e.g., Norton et al., 2010a; Valla et al., 2010; Van den Berg et al., 2012] , demonstrating that incision rates of these features can exceed catchment-wide erosion rates by at least an order of magnitude. Depending on the ratio between the area of the gorge/catchment and erosion rate of the gorge/catchment, catchment-wide erosion rates can be strongly raised, e.g., in the Entlen catchment in central Switzerland by a factor of~2 [Van den Berg et al., 2012] . We speculate that small tributary catchments have a larger fraction of rapidly eroding area as a result of migrating knickpoints (knickzones) developed in incised hanging valleys (convex river segments, e.g., Figure 4 ), compared to larger upstream trunk valleys. If this is true, geomorphic proxies, such as mean hillslope, relief, and normalized steepness indices, should positively scale with millennial erosion rates. In fact, our data show significant positive correlations of normalized channel steepness indices and geophysical relief with millennial erosion rates (Figures 14e and 14f) , whereas 10 Be-derived and AFT-derived millennial erosion rates do not scale with hillslope (Figures 12d, 13d , and 14g). The latter finding, however, is not surprising given that mean hillslopes of analyzed catchments (22 to 34°) are close to the failure threshold of hillslopes (~30°) and erosion rates are high. Although transient and local increases in hillslope may have occurred due to glacial erosion (Figure 3 ), catchmentaveraged hillslopes are expected to only depend on rock strength and do not scale with erosion rates [e.g., Binnie et al., 2007; Ouimet et al., 2009; DiBiase et al., 2010; Palumbo et al., 2010] . Similarly, in the high crystalline Alps of the Central, Western, and Eastern Alps, no relation exists between erosion rate and mean hillslope [Wittmann et al., 2007; Delunel et al., 2010; Norton et al., 2011] .
[53] A significant positive correlation between millennial erosion rates and mean LGM ice thickness (Figure 14h ) corroborates our previous argument. Assuming that erosion rates in small tributary catchments are more likely controlled by the erosional power of the glacier of the trunk valley, the mean LGM ice thickness in tributary catchments may not be an appropriate proxy for millennial erosion rate. Therefore, it is not surprising that the sample from the smallest catchment (CGP203) clearly plots off the apparent linear relationship. Excluding this sample, the significance of the correlation substantially improves from 3.4 × 10 À2 to 7.0 × 10 À4 (R improves from 0.43 to 0.65).
[54] After the general retreat of glaciers since the LGM, large masses of unconsolidated glacial debris are prone to fluvial mobilization [e.g., Hinderer, 2001] , especially when deposited on glacially over-steepened landscape features, such as steep valley sides and hanging valleys. Destabilization and consequent landsliding of over-steepened hillslopes together with increased removal of loose deposits from steep hillslopes result in peak erosion rates up to 3 m/kyr during Late Glacial times [Hinderer, 2001] . As a result, glacial debris is currently restricted to low-relief areas; for instance, in the Guil River catchments areas mapped as glacial debris (on the 1:50000 scale geological map) exhibit a mean hillslope angle of 23°c ompared to 26°for areas without mapped glacial debris. Significant negative cross-correlations between the extent of glacial debris and geomorphic measures support this LGM ice thickness calculated by subtracting the present-day topography from the LGM ice-surface map of Coutterand [2010] , (i) Surface coverage with Quaternary deposits mapped from 1:50000 scale geological maps, and (j) Surface coverage with present-day glaciers mapped from 1:50000 scale geological maps. Data from the Isère are shown as black dots (reliable data) or as open circle (excluded data, CGP201) and from the Queyras region as green squares. Red triangles represent data from the Ecrins-Pelvoux massif from Delunel et al. [2010] . Weighted linear regressions and correlation coefficients were computed with 1σ errors of 10 Be-derived erosion rates [e.g., Williamson, 1968] . The significance of the correlation coefficient was tested using t-statistics with a significance level of 0.05, but only correlations with a p-value <0.05 are shown. Significant correlations were found between catchment-wide erosion rates and (i) mean elevation in the EcrinsPelvoux massif and Queyras region, (ii) mean basin area, (iii) mean normalized geophysical relief and steepness index, and (iv) LGM ice thickness for the entire data set. conclusion (Table 4 ). The present-day distribution of Quaternary glacial deposits, however, does not show a significant correlation with 10 Be-derived erosion rates (Figure 14i ). The same applies for the present-day glacier extent of analyzed catchments (Figure 14j) .
[55] The geomorphic analysis and observed relations between millennial erosion rates, morphometric measures, and LGM ice thickness suggest that Quaternary glaciations strongly impacted the preglacial topography, leading to transient variations in erosion rates.
Comparing Millennial to Myr-Scale Erosion Rates in the Alps
[56]
10
Be-derived catchment-wide erosion rates in the Western, Central, and Eastern Alps rarely exceed~1 m/kyr [Wittmann et al., 2007; Delunel et al., 2010; Norton et al., 2010a Norton et al., , 2011 , and thus are clearly lower than inferred Late Glacial erosion rates of 1.1-2.9 m/kyr, derived from post-LGM valley and lake fillings and assuming that early Holocene erosion rates are half of modern ones [Hinderer, 2001] . Comparing 10 Be-derived millennial erosion rates with Myr-scale erosion rates from thermochronology in the Western Alps reveals either comparable rates or significantly higher millennial rates (Figure 14c ). In fact, millennial erosion rates in rapidly eroding catchments in the external Western Alps agree with Myr-scale erosion rates, whereas slowly eroding areas (<0.4 km/Myr) in the internal Western Alps are markedly affected by a recent (Quaternary or even post-LGM?) increase in erosion rates (Figures 14c and  15a ). In the Central Alps, millennial erosion rates are also about twice as high as the long-term rates inferred from AFT ages [Wittmann et al., 2007] . Calculation of mean Myr-scale catchment-wide erosion rates from interpolated bedrock AFT data for analyzed catchments in the Central Alps corroborates these findings and further shows that the relative increase is independent of Myr-scale erosion rates (see Figure S17 ). Quaternary glaciations appear to have led to an increase in incision rates of major Alpine Valleys (up to 1-1.5 m/kyr) and associated doubling in relief sincẽ 0.9 Ma [Haeuselmann et al., 2007; Glotzbach et al., 2011b; Valla et al., 2011] . Integrated Quaternary erosion rates outside major valleys are not quantified yet, but lowtemperature thermochronology suggests that rates are most likely less perturbed from the Myr-scale trend. As an example, zircon and apatite fission track and apatite (U-Th)/He ages from the central Gotthard external crystalline massif in the Central Alps show no evidence for an increase in erosion rate, but suggest erosion with a mean rate of~0.5 km/Myr since~14 Ma [Glotzbach et al., 2010] , although 10 Be-derived erosion rates of catchments draining the Gotthard massif to the north and south are 1.58 ± 0.41 m/kyr (Reuss River) and 0.80 ± 0.24 m/kyr (Ticino River), respectively [Wittmann et al., 2007] . Overall, the data are consistent with increased Holocene erosion rates compared to Myr-scale erosion rates, which we attribute to be caused by transient disequilibrium introduced in the landscape by glaciations [e.g., Norton et al., 2010b] .
Driving Forces of Millennial to Myr-Scale Erosion Rates
[57] There is a clear link between erosion rate and landscape morphology in purely fluvial landscapes, such that tectonically driven rock uplift steepens channels, increases relief, and potentially increases channel incision, which dictates rates of hillslope erosion [e.g., Howard et al., 1994; Whipple, 2004] . Recent cosmogenic erosion rate studies confirm these relations [e.g., Binnie et al., 2007; Ouimet et al., 2009; DiBiase et al., 2010; Palumbo et al., 2010; Henck et al., 2011] . However, in glacially affected landscapes, these relations can be obscured or absent [e.g., Norton et al., 2010b Norton et al., , 2011 . Large portions of Earth's northern hemisphere have been glaciated during the LGM [e.g., Gibbard, 2004a,2004b] and to a smaller extent during Late Glacial glacier advances [e.g., Ivy-Ochs et al., 2009] . The Western Alps show characteristic glacial landforms, such as "U-shaped" flat-floored valleys, hanging valleys, cirques, horns, and arêtes [van der Beek and Bourbon, 2008] . Geomorphic analyses, in particular the observed significant relation between millennial erosion rates and LGM ice thicknesses, demonstrate a strong impact of glacial erosion on landscape morphometry. Thus, the study area is far from a purely fluvial landscape; nevertheless, the presented data reveal a significant relationship between millennial erosion rates and landscape morphometry (Figures 14e and 14f) . Similar to previous studies in fluvially carved landscapes, we find that normalized steepness index and geophysical relief, rather than hillslope, can be reliable geomorphic proxies for erosion rate also in transient postglacial landscapes.
[58] Geomorphic and modeling studies suggest that glaciers generally reduce gradients of main valleys, reducing drainage density and as a result increasing relief [e.g., Brocklehurst and Whipple, 2007] , while at the same time mean elevation will be reduced [e.g., Brocklehurst and Whipple, 2002] . In contrast, tributary channels can be steepened, especially if they are directly connected to glacially overdeepened valleys (such as tributaries in the lower Tarentaise and Maurienne Valleys), assuming that ridgelines stay at constant elevations. Based on these observations, we hypothesize that major glaciations increased channel steepness and relief through base-level lowering in the Western Alps, and as a result led to high transient erosion rates, especially in small tributary catchments. Differences in Myr-scale rock uplift seem to have no control on glacial erosion in the Western Alps, corroborating earlier findings [e.g., Brocklehurst and Whipple, 2007; Foster et al., 2010] . Although 10 Be-derived erosion rates in the Eastern Alps and high Central Alps are clearly increased by Quaternary glaciations, no significant correlation with morphometry could be detected [e.g., Wittmann et al., 2007] , which may be explained by considerable lithological control on erosion rates [Norton et al., 2010b [Norton et al., , 2011 .
[59] The presented data, especially from the Western Alps, confirm that millennial erosion rates are decoupled from tectonically driven Myr-scale erosion rates. Both 10 Bederived catchment-wide erosion rates and the combination of detrital and bedrock thermochronological data consistently reveal increased millennial erosion rates in areas eroding slowly on the Myr-timescale (<0.4 km/Myr, internal Western Alps), by at least a factor of two. In contrast, the increase in millennial erosion rates in areas that erode rapidly on Myr-timescales, such as the external Western Alps, is relatively minor; however, millennial rates in these catchments still exceed those in the internal Western Alps. Even though the relative increase seems to be stronger in the internal Western Alps, resolving the impact and temporal variation of erosion rates since Quaternary glaciations remains pending. Recent studies have demonstrated that even when applying state-of-the-art thermochronological methods and numerical modeling, a reliable prediction of such an increase in Myr-scale erosion rates requires that a critical rock column (>1 km) has been removed since initiation of the increase [e.g., Shuster et al., 2005; Glotzbach et al., 2011b; Valla et al., 2012] . Detection thus requires mean Quaternary erosion rates of >1.1 km/Myr (1 km/0.9 Ma), at least five times higher than mean Myr-scale erosion rates, which are between 0.12 and 0.23 km/Myr for analyzed catchments in the internal Western Alps (Table 2) .
[60] The nearly balanced millennial erosion rates of the external and internal parts of the Western Alps imply a minor role for neotectonics. Although the external parts of the Western Alps are at present under oblique compression [e.g., Sue et al., 1999 Sue et al., , 2007 and the internal Alps are characterized by major orogen-parallel and minor orogenperpendicular extension, millennial erosion rates differ much less than Myr-scale erosion rates (Figure 14c ). This similarity in millennial erosion rates, especially in the Ecrins-Pelvoux and Queyras data, suggests that ongoing extensional faulting on the PFT [e.g., Sue et al., 2007] only has a minor influence on millennial erosion rates, although it may have been important for the long-term erosion of the external crystalline massifs in the footwall [Tricart et al., 2006] .
Erosion Model
[61] Overall, the presented data are consistent with a model in which Myr-scale erosion trends, as recorded by thermochronology, are controlled by tectonics, and glacial preconditioning of the morphology drives millennial 10 Bederived erosion rates. Assuming that the pre-Quaternary landscape of the Western Alps was in steady state [e.g., Sternai et al., 2012] , we speculate that at that time, the relief of slowly exhuming regions in the internal Western Alps was less pronounced than that of the external Alps, as indicated by observed significant correlations between Myr-scale erosion rates and morphometric measures (Table 4) . Indeed, large-scale erosion of the internal Western Alps occurred during Penninic thrusting in Paleogene times, while the external Western Alps were only exhumed since the onset of thrusting along a crustal-scale ramp below the external crystalline massifs in the Neogene [e.g., Schmid et al., 1996] . Since initiation of major Quaternary glaciations at~0.9 Ma, the main valleys began to incise more rapidly, resulting in an approximate doubling in relief [Haeuselmann et al., 2007; Glotzbach et al., 2011b; Valla et al., 2011] . Although the sequence of incision and relief development during repeated Quaternary glaciations remains not well understood, the data may indicate a more or less continuous evolution [e.g., Haeuselmann et al., 2007] . In any case, the Western Alps landscape has been strongly impacted, with the effect that despite the gradient in Myr-scale erosion rates, morphometric measures have been adjusted to repeated Quaternary glaciations. We find that, despite the large difference in time scale, Myrscale erosion rates also correlate positively with geomorphic measures. Slowly exhuming areas, however, do show an offset toward steeper channels and relief, supporting the idea that the internal Western Alps have been impacted relatively more strongly by Quaternary glaciations than the external Western Alps, which may already have had significant relief before the Quaternary Beucher et al., 2012] . It seems that the impact is mainly restricted to morphometry, with no sign of markedly offset Myr-scale erosion rates, such as observed in the external Western Alps [e.g., Glotzbach et al., 2011b] . The overall result of Quaternary climate change is a leveling of millennial erosion rates of otherwise tectonically controlled differentially uplifting and eroding regions.
Conclusions
[62] In this study, we have investigated the driving forces of millennial to Myr-scale erosion in the Isère and Queyras regions in the Western Alps, applying geomorphic analyses, in situ produced cosmogenic nuclides ( 10 Be) in stream sediments and a combination of detrital and bedrock thermochronological analysis.
[63]
10
Be-derived erosion rates range from~0.27 tõ 1.33 m/kyr, similar to rates measured elsewhere in the Western, Central, and Eastern/Southern Alps. Despite the strong impact of former and present-day glaciers on landscape morphology, our data apparently corroborate previous studies in fluvially dominated landscapes, which show that normalized steepness index and geophysical relief (normalized by basin area), rather than hillslope, are important geomorphic parameters controlling millennial erosion rates. Together with a significant positive correlation of millennial erosion rates with LGM ice thickness, we suggest that transient landscape perturbation due to repeated Quaternary glaciations results in increased millennial erosion rates. Despite the difference in timescale, millennial 10 Be-derived erosion rates of areas eroding rapidly on the Myr-scale (>0.4 km/Myr) are comparable to mean Myr-scale erosion rates derived from interpolated bedrock AFT data. Areas that were eroded more slowly (<0.4 km/Myr) on the Myr-scale, in contrast, exhibit a twofold to threefold (and up to sixfold) increase in millennial erosion rates. A similar spatial pattern of millennial erosion rates is also predicted by fitting observed detrital AFT-age distributions. Furthermore, a significant correlation between Myr-scale erosion rate and morphometric measures (in particular steepness index) is observed in the Western Alps. Slowly exhuming areas, however, clearly deviate from this relation, exhibiting "too steep" channels. Based on these findings, we suggest that landscape perturbation due to Quaternary glaciations was independent of rock uplift, and thus the present-day morphometry is less variable than that of the inferred preglacial landscape. As a result, millennial erosion rates are nearly similar in the external and internal Western Alps. Thus, glacial inheritance in landscapes can have a strong control on transient millennial erosion rates of otherwise differentially uplifting and eroding regions controlled by tectonics. The observed consistency between 10 Be-derived erosion rates and detrital thermochronology of present-day stream sediments interpreted with respect to bedrock thermochronological age maps strengthens the reliability of the results and also suggests that the latter is a feasible approach to test landscape evolution models.
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